The ratio of the average of the square of the number of the nucleotides to that of the random sequence of the same strand bias is proposed as a quantitative measure of evolution in some coding DNA sequences. Applying this measure to the phosphoglycerate kinase gene we observe a monotonic rise of the ratio with evolution. We present an interpretation of this data on some bacteria.
INTRODUCTION
O rganisms evolve horizontally and vertically. The vertical evolution brings new classes; the horizontal leads to developments in the same class. Though not prominent phenotypically, footprints of evolution remain in the genotype. To trace these foot-prints, it is important to choose the gene judiciously. The rate of evolution varies from gene to gene within a single species, and there are at least 500 protein-coding genes within each species (Morowitz, 1992) . Therefore, the extent of complication in the evolution at the species level is well understood. It is just impossible for a single gene to draw the proper phylogenetic tree, but the choice of any potential phylogenetic marker gene can always help us gather useful insights on different aspects of evolution (Margulis, 1996) . Of equal importance is the tool, or the method, used to trace the evolution.
The traditional potential phylogenetic approaches (Fitch and Margoliash, 1967; Felsenstein, 1982; Saitou and Nei, 1987; Felsenstein, 1988; Gupta, 1997) are powerful enough to understand the rates and patterns of evolution within and between different taxonomic groups (Eisen, 2000) . The different views are compared and also related to the fossil evidences to draw a picture of relative horizontal and vertical positions of the groups in the phylogenetic tree, thereby sketching their lineage. We here deploy an alternate approach based on the ideas of information content. The main aim of this approach is to isolate a physically meaningful quantity X, de ned later, that undergoes change. Peng et al. (Peng et al., 1992 ; see also Bonhoeffer et al., 1996) showed that the DNA-walk executed by the nucleotides of a DNA sequence does deviate from the random walk that models the phenomenon of Brownian motion. Thereby, they concluded that the nucleotide arrangement in DNA sequence has order. This implies that deviation of an actual nucleotide distribution from the random distribution measures the order or the information content in the DNA sequence. Here, the index X is a simple measure of this deviation. Unlike standard phylogenetic methods, this tool remains Department of Theoretical Physics, Indian Association for the Cultivation of Science, Calcutta 700 032, India.
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unable to draw the branches at a single level of the tree thereby suggesting anything about ancestry of a species. But, we believe, it can potentially depict the relative positions of different species at different levels of the phylogenetic tree.
In this work, as an example, we study the gene that codes for the phosphoglycerate kinase (PGK) enzyme. This enzyme catalyzes the rst ATP-generating reaction in glycolysis: the transfer of the phosphoryl group from the acyl phosphate of 1,3-bisphosphoglycerate to ADP, thereby producing ATP and 3-phosphoglycerate. Since the process of glycolysis is common to both aerobic and anaerobic organisms, the PGK gene is present in widely varied forms of life. Since the PGK gene, in most cases (there are exceptions, e.g., some kinetoplastids), appears once in each genome (Alexander and Parsons, 1991; Golding et al., 1994) , the choice is less ambiguous. Remarkably, Teichmann and Mitchison (1999) have shown that, out of the 32 protein families (that included 27 members of the translation or transcription apparatus, 3 glycolytic enzymes, and 2 other proteins) extracted from each of the 9 completely sequenced bacterial genomes, only 3 families carry strong phylogenetic signals among bacterial groups and PGK is just one of them; whereas the other 29 families generate bacterial phylogenetic trees full of noise. PGK has also been used to draw phylogeny among different species within a single group such as kinetoplastids (Adje et al., 1998; Blattner et al., 1998) or marsupials (Colgan, 1999) . We believe, therefore, PGK is a good choice as a test case for the present study.
We implemented our method on coding DNA sequences (CDS) of PGK. The CDS was broken into windows of size three corresponding to the codons. The distributions of codons in CDS have almost universal, gene-independent characteristic features (Som et al., 2001) ; but the proportions of nucleotides in CDS are gene dependent as well as species dependent. Naturally, the PGK genes from different organisms have differing strand bias (that is, different proportions of A, C, G, and T). We wanted our method to be normalized in a way to eliminate this bias. For the sequence S, we calculated the second moments of the distributions of bases A, C, G, and T on the codon windows of size three. The average value of the second moment was calculated over all the codons. This average value was divided by the second moment of the random distributions of A, C, G, and T with the same window size and the same strand bias as in S. Interestingly, this strand-normalized second moment (SNSM), we found, rose monotonically with evolution in the PGK gene.
Physically, the SNSM is a measure of the deviation of the second moment of the bases from that of the random distributions of identical strand bias. We nd a rise of this quantity through evolution in PGK, suggesting increasing strand-normalized persistent correlations amongst the bases. This means the strandnormalized probability of nding two identical nucleotide within the codon increases. The evolution in the PGK, we submit, is characterized by this simple probability law. We also show that, while the standard sequence-based phylogenetic tools have every chance to reconstruct trees negatively in uenced by the optimal thriving temperatures of the species dealt with (Early and Britt, 1998) , our measure is quite free of this sort of danger.
METHODOLOGY
The CDS are composed of triplet codons; we chose nonoverlapping windows of size three and calculated the square of the numbers of A, C, G, and T in each of these windows in the single, continuous reading frame:
where n 2 A .3/, n 2 C .3/, n 2 G .3/, n 2 T .3/ are the squares of the numbers of A, C, G, and T, respectively, in the nonoverlapping window of size three. Thus, as we moved from one codon to the next along the CDS, N(3) varied from 3 to 9. We then calculated hN .3/i, the average value of N(3), over the sequence. The higher the value of hN .3/i, the
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more the frequency of occurrences of codons with identical nucleotides. This clearly implies a persistent sort of correlation among the nucleotides. In contrast, a lower value of hN .3/i meant the dominance of antipersistence in the sequence with a higher frequency of triplets with all different nucleotides.
At this point, we need to unmask from our analysis the effect of strand bias. Strand bias is the proportion of A, C, G, T in the sequence and quite naturally it differs from one CDS to another. For each sequence with a speci c strand bias, we calculate theoretically the expected hN .3/i for the random sequence with identical length and strand bias and de ne it as hN .3; r/i. While hN .3/i was measured directly from the CDS, to derive hN .3; r/i we considered a 4-dimensional walk (Montroll and Shlesinger, 1984) model such that A, C, G, and T corresponded to unit steps in the positive direction along the X i axis, where i D A, C, G, and T. This walk is unique and is always in the positive direction, unlike any lower-dimensional walk. The probability distribution function for a single step in this directed 4-D walk is:
where ± is the usual ±-function of Dirac, p i D n i N ; n i is the number of occurrences of the symbol i in the sequence, and N is the total number of symbols present in the sequence, i.e., the total number of nucleotides. Now, the characteristic function of the step is the Fourier transform of (2):
For l steps, the function becomes:
The number of steps is the window size [i.e., l D 3 for our case]. The second moments of distributions we obtained by differentiating P l .k/ twice with respect to k. Since a step by C1 unit along X i was due to the presence of the nucleotide i in the sequence, these second moments were just the average values, designated as hN .3; r/i, for the random sequences with the strand bias identical to the real sequences. Differentiating P l .k/ twice with respect to k and summing over i we get:
where we use the relation P p i D 1. The number of codons in the CDS denotes the sample size over which the averages of hN .3/i are obtained. We plot this average as a function of the sample size to determine the uctuations in hN .3/i. The deviations between hN .3/i and hN .3; r/i are found to be above these uctuations. Therefore, these are statistically signi cant.
We have hN .3/i. We have also computed hN .3; r/i. Here, we do de ne our strand-normalized index X as:
The X value is the ratio that measures the deviation in the average second moments of the distribution of bases in the CDS from the random distribution of bases in a sequence of same length with same numbers as A, C, G, T as in the real CDS. Thereby, this tool could isolate the effect above and beyond the strand bias and is a measure of the order in the CDS of a gene. We picked up a few species from different levels over a wide range of evolutionary tree and studied the X value for the CDS of the PGK gene.
RESULTS AND DISCUSSIONS
The X values for the PGK CDS for a wide variety of eukaryotic and bacterial groups are recorded in Table 1 . Note that the X values, i.e., a measure of the deviation of the nucleotide organization between the CDS and the random sequence of identical strand bias and length, are close to unity. Therefore, at this point we need to establish the statistical signi cance level of these data.
Statistical signi cance
To nd the extent of statistical signi cance of the experimental values compared to the corresponding random values, one is required to study the uctuations in hN .3/i. The length of the PGK CDS, L, varies from species to species. For the test of signi cance, we make three statistically meaningful segments; the lengths of the segments we choose are (L-15), (L-6) and L bases. The sample size, NS, i.e., the number of segments (here NS D 3), is small. Therefore, we deal with a t-distribution that can be used to attach con dence limits to our experimental values in the same fashion that the normal distribution is used for large sample size (NS > 30). 
The degrees of freedom (NS-1) in our case is 2. For 2 degrees of freedom, we put t D 4:303 to derive a 95% con dence interval. This suggests that the probability of any value of hN .3/i to lie outside the range of (7) is just 5%. Table 2 shows the results for the 3 PGK CDS with X values closest to 1 compared to the X value of others. Notice, in each case, the hN .3; r/i value is well outside the range of (7). Therefore, the differences between the experimental and the random values are statistically signi cant with a con dence limit of 95%. Here it might be worth adding that we have also dealt with the normal distribution using NS, the sample size, greater than 30; the deviations of hN .3/i from hN .3; r/i are well above three times the standard deviation recorded from the samples.
Analysis of data
We chose PGK CDS from 8 eukaryotic species and 24 bacterial species (Table 1) . Of the 8 eukaryotic species, 3 are protists: Leishmania and Trypanosoma from the Kinetoplastida group, while Oxytricha is a member of Alveolata (more precisely, a ciliophore) ( Table 1 ). The protists are believed to have radiated during the Mesoproterozoic period, i.e., 1,600-1,000 million years ago (mya) (Stearns and Hoekstra, 2000) . Both kinetoplastids and alveolates are heterotrophic agellated groups of protists. Flagella came up quite early in the evolution of the eukaryotes, and unlike bacteria, contain a central pair of microtubules surrounded by a cylinder of nine doublets of microtubules connected to one another through proteins, such as dynein, a molecular motor that helps agella to bend and propel the cell relative to water or mucus in its environment, or propel water or mucus relative to the cell (Cavelier-Smith, 1993; Sogin and Silberman, 1998) . Leishmania and Trypanosoma are uni agellated kinetoplastid (Vickerman, 1976; Hannaert, 1998) ; on the other side, Oxytricha bears cilia that have the same internal structure as agella and mostly in lengths; these ne hair-like organelles beat rhythmically for locomotion or to create feeding currents. The analysis based on the combined sequences of 4 proteins-®-tubulin,¯-tubulin, actin, and elongation factor-1® (Baldauf et al., 2000) -suggests that the 2 kinetoplastid species came earlier than the alvoelate member. The X values for the three protist species here strongly support the same story (see Table 1 and Fig. 1) .
Aplysia californica is a representative of Gastropoda. The rst fossil evidence shows the gastropod molluscs arose approximately 570 mya during the Cambrian period (Stearns and Hoekstra, 2000) .
The frogs are believed to have radiated about 190-135 mya (Stearns and Hoekstra, 2000) . Here, the wood frog (for which we have the partial PGK CDS) represents the amphibians.
FIG. 1.
The X values of the 8 species from 5 broad eukaryotic groups: Euglenozoa (1), Alveolata (2), Mollusca (3), Amphibia (4), and Mammalia (5). The given scale for X values cannot differentiate the close values of rat and mouse; therefore, the circles indicating the X values for these two species are overlapped. Table 1 shows the complete names of the initials used here for the rst three groups.
Of the three mammals dealt with here, the mouse and the rat are close relatives and represent the rodents; their X values also are close and in Fig. 1 the two circles indicating their X values overlap. According to the rst fossil evidence, they originated during late Cretaceous and early Tertiary periods (around 65-60 mya) (Stearns and Hoekstra, 2000) . The modern form of Homo sapiens (humans) is believed to have originated around 0.3 mya during the Pleistocene (Benton, 1993; Stearns and Hoekstra, 2000) . Figure 1 shows that the X values for different eukaryotic groups increase as follows:
So, this clearly implies that X increases with evolution, thereby suggesting the evolutionary trend towards the strand-normalized persistent correlation in the arrangement of nucleotides within the codons. The reason behind this might be twofold. First, the number of codons used in the gene increases, on average, from protozoa to invertebrates to vertebrates. As any new codon appears, the simple probability for that codon to be persistent (AAA, AGG, CTC, etc.) is more than to be antipersistent (ACG, GTA, etc.), because, 40 codons out of 64 (i.e., 62.5%) are persistent. Second, it is evident from the multiple-sequence-alignment studies (not shown here) that there are many places in the gene where for vertebrates the earlier codons have been replaced by synonymous persistent codons (e.g., from ATC in protozoa and invertebrates to ATA or ATT in vertebrates, all three coding for isoleucine; even the stop codon in human, mouse, and frog is TAA, while in the protozoa and invertebrates it is TAG). As we go up along the tree of evolution, the strand-normalized probability that a base is followed by the same base within the window of size three along PGK CDS increases, thereby suggesting an increase in order in the sequence with evolution. This feature is also found to be shared by other important glycolytic enzymes such as glyceraldehyde-3-phosphate dehydrogenase. It has been shown that the increase in persistence within the window of size three provides a measure of the complexity of the sequences at this scale (Román-Roldán et al., 1998) .
For bacteria, if we set the basis from the eukaryotic X values, Fig. 2 tells us the cyanobacterial species, Synechocystis sp. PCC 6803, with its highest X value, is the most evolved one out of all the bacterial species dealt with here.
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The X values of the 24 species from 9 bacterial groups: Actinobacteria (1),°-Proteobacteria (2), ®-Proteobacteria (3),¯-Proteobacteria (4), ²-Proteobacteria (5), Chlamydiales (6), Bacillus/Clostridium group (7), Spirochaetales (8), and Cyanobacteria (9). The given scale for X values cannot differentiate the close values of two species, P. multocida PM70 and V. Cholerae N16961, within a single group of°-proteobacteria; therefore, the circles indicating the X values for these two species are overlapped. Table 1 shows the complete names of the initials used here for all the species.
Of the four proteobacterial subdivisions, the°-and ®-proteobacterial species seem to evolve in parallel. These came earlier than the¯-and ²-subdivisions, which themselves had X values close to each other.
The two representatives of the spirochaetales, from their X values, appears to have evolved later compared to other proteobacterial species.
The Bacillus/Clostridium group members and the chlamydiales species, on the other hand, showed a wide range of X values suggesting that they might have evolved in parallel with members of proteobacteria and spirochaetales.
The X values for the two species of actinobacteria and for the°-proteobacterial species Pseudomonas aeruginosa PA01 imply they were the earliest ones among these 24 species.
Let us now look at the X values of the eukaryotic and bacterial species as a whole. The X values for the representatives of actinobacteria and°-and ®-proteobacteria and also for some of the Bacillus/Clostridium gr. and chlamydiales species are close to those for the kinetoplastids and alveolates. Similarly, the Synechocystis X value is close to the human X value. It is proposed through molecular evidence that the eukaryotes did split from archaea and bacteria around 2,188 mya (Doolittle et al., 1996; Feng et al., 1997) . It is also suggested that during the merger of archaea and bacteria to give rise to eukarya, the enzyme PGK in the eukaryotic species was possibly donated by the bacterial partner (Fabry et al., 1990; Brinkmann and Martin, 1996; Brown and Doolittle, 1997) . On this basis, we now hypothesize that some lower bacteria, such as members of°-and ®-proteobacteria, Bacillus/Clostridium gr. and chlamydiales, participated in the endosymbiosis as the bacterial partner; thereafter, the X index followed the same pattern of evolution in eukaryotes as that in bacteria and reached its highest value in human.
An insightful conserved indel or signature sequence-based approach (Gupta, 1998) showed that the cyanobacteria and the spirochaetales evolved from a common ancestor somewhat earlier than different proteobacterial groups, and also that the ®-and ²-proteobacteria came before the¯-and the°-ones. Our data, as already discussed, do not con rm these views. At this point, we should keep in mind the extreme paucity of data for some bacterial groups, especially for cyanobacteria, ²-and¯-proteobacteria, and the inclusion of more data could have improved the results. But, regarding the high X value of the lone cyanobacterial species dealt with here, it might be worth mentioning that Woese and his co-workers, on the basis of their work with 16S ribosomal-RNA, showed that extent cyanobacteria suggests their recent origin, whereas inclusion of various examples of chloroplasts in the data supports ancient grouping of cyanobacteria comparable to the age of the proteobacterial and the Bacillus/Clostridium groups (Fox et al., 1980) . Early and Britt (1998) showed that the amino acid sequences of PGK protein from two completely different types of organisms might be pretty similar if both the species thrive optimally at nearly equal temperatures, or two taxonomically very close species have considerable dissimilarities in the protein sequences if their optimal thriving temperatures become distant to one another. Therefore, two similar sequences from different species do not always necessarily mean the two species are close in phylogeny; but this sort of straightforward correlation often drawn on the basis of traditional molecular phylogenetic approaches could give rise to a spurious phylogenetic tree. For instance, Hensel et al. (1989) have used glyceraldehyde-3-phosphate dehydrogenase enzyme as the marker of evolution and constructed a tree where Escherichia coli, a°-proteobacterium, sits closer to mammals than to the other bacteria. The authors explain that this apparently incongruous association might be due to an event of gene transfer as others (Martin and Cerff, 1986 ) had suggested earlier. But Early and Britt found the similarity in the sequences of the species has a hidden correlation with the similarity in their optimal thriving temperatures: E. coli thrives optimally at 37 ± C, and the mammals such as human, mouse, and rat at 37 ± C, 36.5 ± C and 37.3 ± C, respectively. In contrast, most of the other bacteria have the optimal temperatures either below 35 ± C or above 42 ± C. Now, as we turn the attention to our results (Table 1) , the X values are found to be independent of the specie's optimal temperatures: the X value for E. coli (0.9888) is consistent with those of its°-proteobacterial friends, and quite distant from the much higher mammalian values. Again, the mouse (1.0332) and the rat (1.0327), both rodents, have close X values and cannot be differentiated as separate points in Fig. 1 ; while the human, as the highest representative of mammalia, has the X value (1.1074) much higher than the two rodents. Bacillus megaterium and Lactobacillus delbrueckii, two members of the Bacillus/Clostridium group, have close X values (1.0013 and 0.9609, respectively); whereas their optimal thriving temperatures are 30 ± C and 45 ± C, respectively. Therefore, it is evident that unlike standard sequence similarity-based phylogenetic methods, the physical index X remains absolutely unaffected by specie's optimal thriving temperatures.
In this work, the PGK gene was revisited as a phylogenetic chronometer using a new tool. Unlike the potential standard phylogenetic methods that compare and cluster different groups or organisms and speak about monophyly or polyphyly, we used a clear physically interpretable index X, the average second moment of the codon base distribution, normalized to the strand bias, that tells us directly the probable relative vertical position of an organism or a taxonomic group in the evolutionary tree. Besides PGK, we have also dealt with some other genes, viz., the gene for another glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase, and the gene coding for the large subunit of ribulose-1,5-bisphosphate carboxylase, a photosynthetic enzyme (data unpublished). In both cases, we nd results similar to that for PGK. But we should also mention here that not every gene is found suitable to draw phylogeny with this tool.
Over about the last one and a half decades there have been considerable efforts on different aspects of statistical approaches to genes. The statistical aspects of the biological sequences (Brendel et al., 1986; Pevzner et al., 1989a; Pevzner et al., 1989b; Mantegna et al., 1994; Blaisdell et al., 1996; Martindale and Konopka, 1996; Attard et al., 1996; Chaudhuri and Das, 2001 ) are well known. Stochastic context-free and context-sensitive grammars are applied to analyze the secondary structures of the biological chains (Searls, 1997) . Here we try to track the statistical basis of evolution in the PGK CDS and de ne a quantitative measure for the basis. Our ndings are consistent with the rich literature on codon usage and bias (Shield et al., 1988; D'Onofrio et al., 1991; Sharp and Matassi, 1994; Sueoka, 1995; Trifonov and Bettecken, 1997; Comeron and Aguade, 1998; Akashi and Eyre-Walker, 1998; Chiapello et al., 1998; Duret and Mouchiroud, 1999; Kreitman and Comeron, 1999; Kanaya et al., 1999; Sueoka, 1999; Lafay et al., 1999; Trifonov, 1999; Gautier, 2000; Moores and Holmes, 2000; Gupta et al., 2000; Akashi, 2001; Knight et al., 2001 ) that suggests an increase in vocabulary with evolution as well as nonrandom patterns in the usage of both synonymous and nonsynonymous codons. To conclude, the X values of PGk bear the footprints of a remarkably ordered evolution.
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